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Interaction with the cortical actin cytoskeleton represents a crucial mechanism that regulates the integrity and remodeling of epithelial junctions (10, 18, 56, 69) . One of the most recognizable cytoskeletal structures in polarized epithelial cells is the circumferential F-actin belt associated with a cytosolic AJ plaque (16) . Furthermore, TJs interact with a complex network of F-actin bundles assembled at the cell apex (35) . A number of studies have demonstrated that pharmacological or genetic disruption of the actin cytoskeleton results in AJ/TJ disassembly and the disruption of epithelial barriers (19, 21, 26, 27, 54, 62, 63) . Interestingly, the biochemical properties of affiliated actin filaments display significant effects on the dynamics of junctional complexes. For example, TJs appear to be associated with stable filaments composed of ␥-cytoplasmic actin, whereas AJs selectively interact with more dynamic ␤-cytoplasmic actin-based filaments (3) . Overall, these data suggest that the organization and dynamics of the cortical actin cytoskeleton are of paramount importance for maintaining the architecture and function of epithelial junctions.
Actin filaments are subject to elaborate regulation involving a large number of accessory, signaling, and motor proteins (12, 46) . Given the intimate dependence of epithelial junctions on the underlying cytoskeleton, this imposes additional regulatory mechanisms on TJs and AJs. The turnover of actin filaments, and their interactions with nonmuscle myosin II (NM II), represents two major mechanisms that control the architecture and dynamics of the actin cytoskeleton. NM II acts as a molecular motor driving actin filament contractility and as a lateral filament cross-linker that mediates the assembly of actomyosin cables (64) . The turnover of filamentous (F) actin mediates polarized filament growth and movement, which occurs by the addition of monomeric (G) actin to one (barbed) filament end and its subsequent removal from the opposite (pointed) end (49, 55) . NM II is a well-established regulator of intestinal epithelial junctions that stabilizes a steady-state barrier and mediates remodeling (disassembly of reassembly) of AJs and TJs (19, 21, 30, 54) . By contrast, the role of F-actin turnover in junctional regulation remains less understood.
In eukaryotic cells, F-actin dynamics are markedly accelerated by different actin-binding proteins that selectively control either polymerization or depolymerization processes. The aforementioned polymerization step is regulated by the actinrelated protein (Arp) 2/3 complex and formins, driving the assembly of branched and linear actin filaments, respectively (8, 37, 68) . F-actin depolymerization is mediated by several proteins, most notably by members of the actin-depolymerizing factor (ADF)/cofilin family (2, 46) and glial-maturating factors (GMF) (50, 67) . A number of pharmacological and genetic studies have established a critical role of F-actin polymerization in the assembly of AJs and TJs (21, 27, 62, 63) . Both Arp2/3 complex and formins have been implicated in the regulation of junctional structure and functions (21, 26, 27, 31, 66) . In contrast, little is known about how depolymerization of actin filaments could regulate the structure, permeability, and remodeling of epithelial junctions. Cofilin has been shown to be an essential downstream component of the molecular cascade mediating Par-3-dependent TJ assembly (7, 65) . However, the mechanisms that control the recruitment and activity of actin-depolymerizing proteins at epithelial junctions are poorly understood.
Actin-interacting protein (Aip) 1 (also known as WDR1) is an emerging regulator of F-actin dynamics in eukaryotic cells. Aip1 is a major cofactor of ADF/cofilin proteins, dramatically enhancing filament disassembly (38, 40, 45) . Moreover, a recent study implicated Aip1 in assisting GMF-dependent F-actin depolymerization in Drosophilia cells (50) . A growing body of evidence highlights Aip1 as an essential regulator of various actin-dependent processes in living cells, including cytokinesis, cell migration, and muscle contractility (24, 32, 38, 47, 70) . Interestingly, Aip1 localizes at areas of cell-cell contact in Xenopus embryos (44) and was recently implicated in the regulation of AJ remodeling in Drosophila eye epithelium (9) . Nothing is known regarding the involvement of Aip1 in the maintenance and remodeling of apical junctions in mammalian epithelia. This study provides the first evidence that Aip1 controls permeability of intestinal epithelial barrier and regulates AJ and TJ assembly in vitro.
MATERIALS AND METHODS
Antibodies and other reagents. The following primary polyclonal (pAb) and monoclonal (mAb) antibodies were used to detect AJ/TJ and cytoskeletal proteins: anti-E-cadherin mAb (BD Biosciences, San Jose, CA); anti-zonula occludens (ZO)-1, junctional adhesion molecule (JAM)-A, and occludin pAbs (Invitrogen, Carlsbad, CA); anti-␤-catenin and ADF pAbs (Sigma-Aldrich, St. Louis, MO); anti-␣-catenin and EBP50 pAbs (Abcam, Cambridge, MA); anti-total actin (MAB1501) mAb and anti-Par-3 pAb (EMD-Millipore, Billerica, MA); anti-NM IIB pAb (Covance, Princeton, NJ); anti-cofilin, phospho-cofilin, poly(ADP-ribose) polymerase (PARP), caspase-3, and GAPDH pAbs (Cell Signaling, Beverly, MA); anti-PKC-pAb (Santa Cruz Biotechnology, Dallas, TX), anti-PKC-pAb (Abgent, San Diego, CA); anti-Par-6 pAb (Bioss, Woburn, MA); and anti-phospho PKC-(T410 and T560) pAbs (Assay Biotech, Sunnyvale, CA). Anti-Aip1 rat mAb (32) and anti-JAM-A mouse mAb (33) were provided by Drs. Junying Yuan (Harvard Medical School) and Charles Parkos (University of Michigan), respectively. Alexa Fluor-488-and Alexa Fluor-555-conjugated donkey anti-mouse, anti-rabbit, and anti-rat secondary antibodies and Alexa Fluor-555 phalloidin were obtained from Invitrogen. Horseradish peroxidase conjugate, goat anti-mouse, anti-rabbit, and anti-rat antibodies were purchased from Bio-Rad Laboratories (Hercules, CA) and Invitrogen. Lantrunculin B was obtained from EMD-Millipore. All other chemicals were obtained from Sigma-Aldrich.
Cell culture and calcium depletion. SK-CO15 human colonic epithelial cells (29) were provided by Dr. Enrique Rodriguez-Boulan (Cornell University). Caco-2 and T84 cells were purchased from American Type Culture Collection (Manassas, VA). SK-CO15 and Caco-2 cells were cultured in high-glucose DMEM medium, supplemented with 10% FBS, HEPES, nonessential amino acids, and antibiotics. T84 cells were cultured in a 1:1 mixture of DMEM and Ham's F-12 medium supplements, as previously described (21) . For immunolabeling experiments, epithelial cells were grown on either collagen-coated permeable polycarbonate filters (0.4-m pore size; Costar, Cambridge, MA) or on collagen-coated coverslips. For biochemical experiments, cells were cultured on six-well plates.
To deplete extracellular calcium, SK-CO15 cell monolayers were washed twice with Eagle's Minimum Essential Medium for suspension culture, supplemented with 5 M CaCl 2, 10 mM HEPES, 14 mM NaHCO 3, and 10% dialyzed FBS (designated here as S-MEM), and incubated overnight in S-MEM at 37°C. To induce junctional reassembly, the cells were returned to normal cell culture medium for the times indicated.
RNA interference. Small-interference RNA (siRNA)-mediated knockdown of Aip1 was carried out using individual siRNA duplexes obtained either from Dharmacon-Thermo Scientific (Waltham, MA) or Qiagen (Venlo, Limburg), as previously described (41, 42) . The following sequences were selected to target human Aip1: Dharmacon siRNA duplex 1, GGAAAGUGCGUCAUCCUAA and duplex 2, GGUGGGAUUUACGCAAUUA; and Qiagen siRNA duplex 3, AAAGTGCGTCATCCTAAGGAA and duplex 4, CTCCCTGTC-CGGGTACATCAA. Dharmacon and Qiagen scrambled siRNAs, lacking complementarity to any human gene, were used as controls. Cells were transfected using DharmaFECT 1 reagent in Opti-MEM I medium (Invitrogen), according to the manufacturer's protocol, with a final siRNA concentration of 50 nM. Cells were utilized for experiments on days 3 and 4 posttransfection.
Epithelial barrier permeability measurements. Transepithelial electrical resistance (TEER) was measured using an EVOMX voltohmmeter (World Precision Instruments, Sarasota, FL). The resistance of cell-free collagen-coated filters was subtracted from each experimental point. Dextran flux assay was performed, as previously described (3, 41) . Briefly, on day 4 after siRNA transfection, SK-CO15 cell monolayers growing on Transwell filters were exposed to FITC dextran 4,000 Da or 40,000 Da [1 mg/ml in HEPES-buffered Hanks balanced salt solution (HBSS)] added to the upper chamber, whereas HBSS only was added to the lower chamber. After 60 min of incubation, HBSS samples were collected from the lower chamber, and FITC fluorescence intensity was measured using a Victor 3 V plate reader (Perkin Elmer, Waltham, MA) with excitation and emission wavelengths at 485 and 544 nm, respectively. Relative fluorescence intensity was calculated using Prism 5 software (GraphPad, La Jolla, CA).
SDS gel electrophoresis and immunoblotting. Cells were homogenized in RIPA buffer [20 mM Tris, 50 mM NaCl, 2 mM EDTA, 2 mM EGTA, 1% sodium deoxycholate, 1% Triton X-100 (TX-100), and 0.1% SDS, pH 7.4] containing protease inhibitor cocktail and phosphatase inhibitor cocktails 2 and 3 (Sigma-Aldrich). Protein concentration of total lysates was determined using a BCA protein assay kit. Samples were diluted with 2ϫ SDS sample buffer and boiled. SDS-PAGE electrophoresis and immunoblotting were performed using a standard protocol with equal amounts of total protein (10 g) loaded per lane and transferred onto nitrocellulose membrane. Results shown are representative immunoblots of at least three independent experiments. Protein expression was quantified by densitometry, and signal intensities were calculated using Image J software (National Institutes of Health, Bethesda, MD). Data are presented as normalized values, assuming that the expression levels of control siRNA-treated groups are 100%. Statistical analysis was performed with row densitometric data using Microsoft Excel (Microsoft, Redmond, WA).
G/F-actin fractionation. Quantification of G-and F-actin was performed by TX-100 fractionation of cellular actin, as previously described (11) . In brief, epithelial monolayers were washed with HBSS, and G-actin was extracted by gentle shaking for 7 min at room temperature with cytoskeleton stabilization buffer (10 mM MES, 140 mM KCl, 3 mM MgCl2, 2 mM EGTA, and 280 mM sucrose, pH 6.1) supplemented with 0.5% TX-100, proteinase inhibitor cocktail, and 1 g/ml phalloidin to prevent filament disassembly. The TX-100-soluble G-actin fraction was mixed with an equal volume of 2ϫ SDS sample buffer and boiled. Cells were then briefly washed with HBSS, and the TX-100-insoluble F-actin fraction was collected by scraping cells in two volumes of SDS sample buffer, with subsequent homogenizing and boiling. The amount of actin in each fraction was determined by gel electrophoresis and immunoblotting, as described above.
Immunofluorescence labeling and confocal microscopy. To label AJ/TJ and cytoskeletal proteins, epithelial cells were fixed with 100% ethanol for 20 min at Ϫ20°C. For ␤-actin staining, cells were fixed with prewarmed 1% paraformaldehyde in DMEM for 30 min, followed by 5-min permeabilization with 100% methanol at Ϫ20°C (13). Fig. 2 . Downregulation of Aip1 expression increases paracellular permeability of colonic epithelial cell monolayers. SK-CO15 epithelial cells were transfected with different Aip1-specific siRNA duplexes and corresponding control siRNAs. On day 4 posttransfection, the efficiency of siRNA knockdown as well as the expression of Aip1-interacting cytoskeletal regulators and apoptosis markers was examined by electrophoresis and immunoblotting (A). ADF, actin-depolymerizing factor; PARP, poly(ADP-ribose) polymerase. Permeability of control and Aip1-depleted SK-CO15 cells was examined by measuring transepithelial electrical resistance (TEER) (B) and transepithelial flux of fluoresceinated dextrans (C). Data are presented as means Ϯ SE (n ϭ 3); **P Ͻ 0.005.
Fixed cell monolayers were washed with HBSS, blocked with 1% bovine serum albumin in HBSS (blocking buffer) for 60 min at room temperature, and incubated for another 60 min with primary antibodies diluted in blocking buffer. Cells were then washed, incubated for 60 min with Alexa Fluor-conjugated secondary antibodies, rinsed with blocking buffer, and mounted on slides with ProLong Gold Antifade Reagent (Invitrogen). F-actin was labeled with Alexa-555 phalloidin. Fluorescently labeled cell monolayers were examined using a Zeiss LSM700 laser-scanning confocal microscope (Zeiss Microimaging, Thornwood, NY). The Alexa Fluor 488 and 555 signals were imaged sequentially, in frame-interlaced mode, to eliminate cross-talk between channels. The images were processed using Zen 2011 software and Adobe Photoshop. Signal intensity was measured using Image J software after selecting a rectangular area of cellular border signal. Images shown are representative of at least three experiments, with multiple images taken per slide. To quantify the junctional length per microscopic field, six to seven fields with similar cell density were randomly selected from each coverslip, and the total junctional length in pixels of each field was measured using Image J.
G-actin incorporation assay.
The incorporation of Alexa 488-labeled G-actin (Invitrogen) into saponin-permeabilized cells has been described previously (27, 63) . In short, SK-CO15 cells were equilibrated at 25°C for 10 min and then lightly permeabilized with 0.2 mg/ml of saponin in permeabilization buffer (138 mM KCl, 4 mM MgCl 2, and 20 mM HEPES, pH 7.4). Alexa-488-labeled G-actin (0.45 mM) in permeabilization buffer was added to the cells and incubated for 7 min at 25°C to allow barbed-end incorporation. The cells were fixed on ice in 4% paraformaldehyde in cytoskeleton stabilization buffer containing 0.2% TX-100 and labeled with Alexa-555 phalloidin for 1 h. Quantification analysis of fluorescence intensity at epithelial junctions was performed using Image J software after selecting a rectangular area of cellular border signal.
Wound-healing assay. SK-CO15 cells transfected with either control or Aip1-specific siRNAs were grown to confluence. On day 3 posttransfection, cells were mechanically wounded by dragging a 200-l pipette tip across the cell monolayer. The cells were washed twice with complete media, and images were acquired at 0 and 24 h postwounding, using an inverted bright-field microscope equipped with a camera. The relative surface area traveled by the leading edge was calculated using TScratch software (14) . Three independent experiments were performed in duplicate.
Epithelial cyst formation in Matrigel. Three-dimensional epithelial cyst assay was performed as described in detail previously (3, 20) . Briefly, Caco-2 cells were transfected with either control or Aip1-specific siRNA. On the next day, cells were trypsinized, resuspended in DMEM, and mixed with a growth factor-reduced Matrigel (BD Biosciences). Matrigel-embedded cells were plated in eight-chamber glass slides (BD Biosciences). Cysts were allowed to form for 72 h at 37°C, with 1 M forskolin to enhance cyst lumen formation. Cysts were fixed in 4% paraformaldehyde, permeabilized with 0.5% TX-100, and stained using a standard protocol, except that blocking, primary, and secondary antibody incubation steps were performed for 2 h each, as opposed to 1 h, and all washing steps were performed for 30 min. For quantitative analysis, cyst images were acquired at low resolution, and total numbers of cysts and the number of cysts with single lumen were counted manually.
Statistics. Numerical values from individual experiments were pooled and expressed as means Ϯ SE throughout. Obtained numbers were compared by two-tailed Student's t-test, with statistical significance assumed at P Ͻ 0.05.
RESULTS

Aip1 is localized at epithelial junctions in vitro and in vivo.
To control remodeling of the junction-associated actin cytoskeleton, Aip1 should be present at epithelial junctions. Therefore, we first sought to determine the localization of Aip1 in polarized intestinal epithelial cell monolayers, in vitro, and intestinal mucosa, in vivo. Figure 1 shows that in well-differentiated T84 and SK-CO15 human colonic epithelial cells, a significant fraction of Aip1 colocalizes with TJ proteins occludin and ZO-1 (arrows). Extracellular calcium depletion that triggers AJ/TJ disassembly resulted in Aip1 translocation from areas of cell-cell contact into intracellular compartments (data not shown). We also compared Aip1 localization in epithelial MCF7 and mesenchymal MDA-MB 435 breast cancer cell lines. In MCF7 cells, which form robust AJs, Aip1 accumulated at cell-cell contacts. In MDA-MB 435 cells, which form poor attachments, Aip1 was diffusely distributed in the cytoplasm and nucleus (data not shown). Moreover, in normal mouse colonic mucosa, a significant pool of Aip1 localized at the lateral plasma membrane, especially enriched at the apical junctional complex (Fig. 1C, arrows) . Collectively, this data provides the first evidence that Aip1 is associated with apical junctions in mammalian epithelial cells in vitro and in vivo.
Downregulation of Aip1 expression increased paracellular permeability and attenuated junctional recruitment of AJ and TJ proteins. We next sought to investigate the effects of Aip1 depletion on the structure and permeability of epithelial junctions. For these experiments, we used SK-CO15 cells, which assemble robust AJs and TJs and are easily transfectable with siRNAs (3, 29, 42, 43) . To minimize possible off-target effects, we used four different Aip1 siRNAs and their appropriate controls from two commercial sources (Dharmacon and Qiagen). These siRNAs efficiently (up to 95%) decreased Aip1 expression in SK-CO15 cells without affecting the levels of total and phosphorylated ADF and cofilin-1 ( Fig. 2A) . Importantly, the loss of Aip1 did not result in cell apoptosis, based on the lack of PARP and caspase 3 cleavage (Fig. 2A) . All subsequent figures show data obtained using the most efficient Aip1 siRNA, duplex 2. However, similar results were obtained using an alternative Aip1 siRNA, duplex 3 (data not shown). To elucidate the role of Aip1 in the regulation of paracellular permeability, TEER and transepithelial flux of FITC dextrans were measured in SK-CO15 cell monolayers on day 4 after siRNA transfection. Loss of Aip1 resulted in a significant decrease in TEER, thus indicating increased permeability to small ions. Thus TEER values were decreased from 1,367 Ϯ 129 to 730 Ϯ 146 ⍀ ϫ cm 2 (P Ͻ 0.005) by the Dharmacon Aip1 siRNA duplex 2 (Fig. 2B) and from 1,282 Ϯ 53 to 870 Ϯ 44 ⍀ ϫ cm 2 (P Ͻ 0.005) by the Qiagen Aip1 siRNA duplex 3. In contrast, transepithelial flux of 4-kDa and 40-kDa dextrans was not affected by Aip1 knockdown (Fig. 2C and data not  shown) , which suggests unchanged permeability to large molecules. We next sought to determine whether Aip1 is essential for the integrity of apical junctions. Depletion of Aip1 did not result in a dramatic disruption of junctional architecture, as evident by the well-preserved, characteristic, "chicken wire" labeling pattern of different AJ/TJ molecules (Fig. 3A) . However, the labeling intensity of junctional E-cadherin, occludin, and ZO-1 was significantly lower in Aip1-depleted cells, compared with control cell monolayers (Fig. 3, A, arrows, and B) . Because loss of Aip1 did not affect the total levels of key molecular constituents of SK-CO15 cell junctions (Fig. 3C) , our data suggest that depletion of this actin regulator specifically attenuates the recruitment of AJ/TJ proteins to areas of cell-cell contact.
Depletion of Aip1 altered the architecture and dynamics of the perijunctional actomyosin belt. In consideration of the critical roles of the actin cytoskeleton in the formation and maintenance of epithelial barrier, it is logical to suggest that loss of Aip1 increases junctional permeability via cytoskeleton-dependent mechanisms. We tested this hypothesis by examining the organization of the perijunctional F-actin belt in control and Aip1-depleted SK-CO15 cells. The actin cytoskeleton was visualized using three different methods, including labeling of F-actin with fluorescent phalloidin and staining of ␤-actin and NM II using specific antibodies (Fig. 4A) . Showing a smooth and narrow perijunctional actomyosin belt in control SK-CO15 cells (Fig. 4A, arrows) , all these techniques yielded similar results. The morphology of this belt was markedly affected by Aip1 knockdown. Indeed, we observed significant "debundling" and loose packaging of perijunctional actin cables in Aip1-depleted SK-CO15 cells (Fig. 4A, arrowheads) . Furthermore, these actomyosin cables lost their smooth appearance and became wavy or spiky (Fig. 4A) . Interestingly, biochemical fractionation demonstrated that loss of Aip1 did not affect the total G/F-actin ratio (Fig. 4B) , thus indicating a lack of global changes in F-actin polymerization.
Perijunctional F-actin cables are known to undergo constant turnover, even in steady-state epithelial cell monolayers (27, 30) . Consequently, we examined the effect of Aip1 depletion on the dynamics of the junction-associated cytoskeleton. De novo F-actin assembly was examined by measuring incorporation of fluorescently labeled G-actin in live, permeabilized SK-CO15 cells. Exogenously added G-actin was efficiently inserted into the perijunctional F-actin belt of control SK-CO15 cells (Fig. 5, A and B) . In contrast, such G-actin incorporation was attenuated after Aip1 knockdown (Fig. 5, A and B) . These data suggest a decreased rate of actin polymerization in the junction-associated cables of Aip1-depleted epithelial cells. We also evaluated the F-actin depolymerization rate in these structures by examining their disappearance following G-actin sequestration by Latrunculin B (Lat B) (39) . In accordance with previous publications (3, 21), 1 h of Lat B treatment of control SK-CO15 cell monolayers caused focal disassembly of the continuous F-actin belt and its replacement with scattered F-actin puncta (Fig. 5C, arrows) . This process was accompanied by fragmentation of AJs and TJs (Fig. 5C, arrows, and data not  shown) . Surprisingly, Lat B-induced decomposition of perijunctional F-actin and TJ disassembly was accelerated in Aip1-depleted SK-CO15 cells, compared with control cell monolayers (Fig. 5, C and D) . These results indicate a decreased stability of perijunctional F-actin cables following Aip1 knockdown.
Loss of Aip1 attenuated junctional reassembly and impaired apico-basal polarization of planar epithelial monolayers and 3-D epithelial cysts. We next sought to elucidate whether Aip1 controls de novo assembly of epithelial junctions by using a classical calcium-switch assay. This assay involves a robust and orchestrated reformation of AJs and TJs in stationary epithelial cells, which allows the distinguishing of the specific effects of actin regulators on epithelial junctions from their effects on cell motility (19, 42, 43) . Confluent control and Aip1-depleted epithelial cell monolayers were subjected to overnight extracellular calcium depletion to disassemble existing AJs and TJs. Junctional reassembly was triggered by restoration of normal calcium levels. Control SK-CO15 cells assembled the majority of their E-cadherin and ␤-catenin-based AJs after 1 h and formed well-defined TJs after 2 h of calcium repletion (Fig.  6A, arrows) . Reassembly of both junctional complexes was attenuated in Aip1-depleted cells (Fig. 6, A, arrowheads, and B. Calcium-stimulated AJ/TJ reassembly was accompanied by the restoration of prominent perijunctional actomyosin cables (Fig. 7A, arrows) . This process was also attenuated by Aip1 knockdown (Fig. 7, A, arrowheads, and B) .
Taking into account the crucial role of the actin cytoskeleton in the formation of polarized epithelial structures, we next sought to determine whether Aip1 can play a role in the establishment of apico-basal polarity in intestinal epithelial cell monolayers and the development of polarized epithelial spheroids in 3-D hydrogel. Control SK-CO15 cell monolayers growing on permeable membrane supports become rapidly polarized, judging by the proper localization of protein markers of the apical (EBP50) and the basolateral (␤-catenin) plasma membrane (Fig. 8A) . Such polarization was impaired by Aip1 knockdown, which decreased apical localization of EBP50 and caused mistargeting of ␤-catenin to the apical plasma membrane (Fig. 8A,  arrows) . Loss of Aip1 also decreased accumulation of Par-3 polarity protein at intercellular junctions (Fig. 8B) , without altering the expression or phosphorylation of members of the Par-3-Par-6-atypical PKC polarity complex (Fig. 8C) .
To investigate the effects of Aip1 knockdown on epithelial cyst formation, we used Caco-2 colonic epithelial cells because SK-CO15 cells do not form well-polarized 3-D structures (20) . Transfection with Aip1-specific siRNA efficiently decreased the expression of this protein in Caco-2 cells (Fig. 9A) . In agreement with our recent study (3), control Caco-2 cells formed spherical cysts with a well-defined central lumen after 3 days of growth in Matrigel (Fig. 9B) . The lumen was lined by prominent F-actin bundles (arrows). Aip1 depletion significantly decreased the formation of well-polarized single-lumen epithelial cysts (Fig. 9, B  and C) . Instead, Aip1-deficient cysts either possessed multiple small lumens (arrowheads) or were devoid of lumen, thus indicating defects in 3-D epithelial morphogenesis.
Finally, we sought to determine whether loss of Aip1 selectively affects epithelial junctions and polarity or whether it can also influence other cytoskeletal-based processes, such as cell motility. Planar migration of control and Aip1-depleted epithelial cells was examined using wound-closure assay. We observed that loss of Aip1 did not affect the velocity of wound closure in SK-CO15 (Fig. 10) and Caco-2 cells (data not shown), suggesting that Aip1 is dispensable for intestinal epithelial cell motility.
DISCUSSION
The formation and maintenance of epithelial apical junctions depend on their interactions with the cortical actin cytoskeleton and particularly with the circumferential F-actin belt (18, 56) . The positioning and architecture of the apical belt are regulated by the interplay between actin filament turnover and NM II-dependent contractility. The prevailing body of evidence indicates that inhibition of F-actin polymerization or myosin activity impairs the integrity and permeability of epithelial junctions (19, 21, 26, 27, 30, 31, 48, 54, 62) . The present study demonstrates, for the first time, that F-actin depolymerization is also essential for AJ/TJ assembly and functions in polarized intestinal epithelium. This conclusion is based on the study of epithelial cells depleted of Aip1, an actin-binding protein that acts as a cofactor for ADF/cofilin, and GMF to promote actin filament disassembly. We present the first evidence that Aip1 is abundant at apical junctions in cultured human epithelial cells and mouse colonic mucosa (Fig. 1) . Because confocal microscopy does not have sufficient resolution to spatially differentiate AJs from TJs, we do not yet definitively know whether Aip1 interacts with the AJ-or TJ-associated actin cytoskeleton in polarized T84 or SK-CO15 cell monolayers. However, two lines of evidence suggest that Aip1 most likely regulates AJ-associated F-actin cables. First, this protein is enriched at areas of cell-cell contact in MCF7 cells, which do not have functional TJs but form robust AJs. Second, Aip1 is translocated to newly forming junctions at the early stages of calcium repletion, together with the recruitment of AJ proteins (data not shown). Our data indicate that loss of Aip1 affects different stages of junctional biogenesis. Specifically, it decreases recruitment of AJ/TJ proteins to steady-state intercellular contacts (Fig. 3) and attenuates calcium-induced junctional reassembly (Fig. 6) . The described defects of AJs and TJs are associated with abnormal architecture of the perijunctional F-actin cytoskeleton (Figs. 4  and 7) . In confluent colonic epithelial cell monolayers, depletion of Aip1 disrupts self-association of actin filaments into thin, cross-linked perijunctional cables (Fig. 4) . Furthermore, depletion affects actin turnover within these cables by decreasing barbed-end polymerization under steady-state conditions and accelerating cable disassembly triggered by G-actin sequestration (Fig. 5) . Decreased perijunctional actin polymerization in Aip1-depleted epithelial cells most likely indicates inhibition of ADF/cofilin-dependent filament severing. Indeed, ADF and cofilin are known to break existing actin filaments, and this process is greatly accelerated by Aip1 (40, 45, 52) . Actin filament severing results in the formation of barbed ends that are predominant sites of G-actin incorporation. Hence, diminished incorporation of G-actin indicates decreased formation of barbed ends in the perijunctional F-actin cables of Aip1-depleted epithelial cells (Fig. 5, A and B) .
On the other hand, the observed increase in Lat B-induced disassembly of Aip1-deficient F-actin cables is surprising, considering previous reports of increased F-actin stability following Aip1 inhibition (38, 45, 57) . We believe that this paradoxical effect is unique to the perijunctional F-actin belt and reflects structural alterations caused by Aip1 depletion. Indeed, Aip1 knockdown transforms tightly packed and cross-linked apical actin cables into an array of loosely packed and poorly cross-linked filaments (Fig. 4) . This transformation is in agreement with the previously reported ability of Aip1 to maintain a high density of closely aligned actin filaments suitable for cross-linking (5). Because actin turnover is known to be suppressed in tightly packed actin bundles (1, 4) , loss of filament bundling in Aip1-depleted epithelial cells should lead to their destabilization and increased rate of disassembly. Molecular mechanisms underlying the debundling of perijunctional F-actin cables in Aip1-depleted epithelial cells remain to be investigated. The most plausible mechanism suggests an altered balance in the different modes of F-actin assembly. Indeed, formation of the F-actin belt is known to be regulated by the interplay of Arp2/3 and formin-dependent actin polymerization (10, 18, 56). The Arp2/3 mechanism mediates the initial steps of the process, leading to the formation of branched actin filaments that later become transformed into long linear cables. Although the molecular details of such transformation remain unclear, it most likely involves debranching of the initial F-actin network. We speculate that Aip1 accelerates this filament debranching and promotes the assembly of linear perijunctional F-actin cables. Depletion of Aip1 is likely to trigger excessive assembly of branched actin filaments, thereby impairing side-by-side filament packing and bundling.
How destabilization of apical F-actin cables could impair AJ/TJ structure and function in Aip1-depleted intestinal epithelial cells remains unclear although at least two mechanisms could be considered. Because recent live cell imaging reveals the dynamic equilibrium between apical junctional and lateral plasma membrane pools of AJ/TJ proteins (6, 17, 60, 66) , destabilization of AJ/TJ-associated F-actin is likely to shift these proteins toward the lateral membrane. An alternative mechanism may involve removal of steric hindrance to perijunctional vesicle trafficking, leading to increased endocytosis of AJ/TJ proteins (23, 59) . Another important consequence of disorganized perijunctional F-actin cables in Aip1-depleted cells is a decrease in their tension/contractility reflected by the loss of the linear morphology of these cytoskeletal structures (48) (Fig. 4) . Such diminished myosin-dependent tension can explain the attenuated reassembly of circumferential AJs and TJs following the restoration of extracellular calcium (Fig. 6 ). This process is driven by perijunctional actomyosin bundles that generate the necessary forces for the extension of initial cell-cell contacts (19, 21, 30, 54, 66) .
Our data suggest that Aip1 is essential for intestinal epithelial morphogenesis. This conclusion is based on the profound effects of Aip1 depletion on the establishment of apico-basal polarity in planar epithelial cell monolayers and the formation of polarized epithelial cysts in 3-D matrix (Figs. 8 and 9 ). Previously demonstrated morphogenic roles of Aip1 are limited to cardiac and skeletal muscle in mice and C. elegans (47, 70) and Drosophilia eye discs (9) . Because total knockout of Aip1 leads to either embryonic or early postnatal lethality (25, 70) , it would be important to investigate the effects of intestinal epithelial-specific knockout of Aip1 on gut development and function. Interestingly, mutations that decrease Aip1 expression in mice result in a marked autoinflammatory disease and macrothrombocytopenia (25) . This finding raises the intriguing possibility that Aip1 dysfunctions could also contribute to the damage and restitution of the epithelial barrier during intestinal inflammation. We have found that decreased expression of Aip1 accompanies AJ/TJ disassembly in HT-29 colonic epithelial cells exposed to a combination of tumor necrosis factor-␣ and interferon-␥ (data not shown). Therefore, it is tempting to speculate that loss of Aip1 expression in inflamed intestinal mucosa accelerates disruption and/or attenuates restitution of the epithelial barrier. The functional roles of Aip1 in the intestinal epithelium appear to be limited to apical junctions and do not involve other actin-dependent processes such as cell motility (Fig. 10) . This contradicts the reported involvement of Aip1 in leukocyte migration (24, 25) and suggests tissuespecific functions of this cytoskeletal regulator.
